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Abstract. Between 10* and 10% *Be* ions are trapped in a Penning trap. The ions are laser-cooled
to ~millikelvin temperatures, where they form ion crystals. This system is an example of a strongly
coupled one-component plasma. By means of Doppler laser spectroscopy we have measured the
temperature and heating rate of the plasma. Initially the heating rate is low, 60 & 40 mK/s, but after
about 100 ms the plasma heats up rapidly to a few kelvin. The onset of the rapid heating coincides
with the solid-liquid phase transition.

INTRODUCTION

Clouds of ions trapped in either Paul or Penning traps are routinely laser-cooled to tem-
peratures sufficiently low for the cloud to enter the liquid or solid phases. These cold
ion plasmas offer unique possibilities for studies of both atomic physics and strongly
coupled plasma physics with related applications as diverse as cold antimatter, low-
temperature chemistry, high-precision atomic and molecular spectroscopy, tfrequency
standards, and quantum information processing [1]. Because the confinement in a Pen-
ning trap is provided by static electric and magnetic fields, the Penning trap is particu-
larly well suited for trapping and cooling of large numbers of ions. We trap up to ~10°
Be™ ions in a Penning trap and laser-cool these ions to below 10 mK, where the ion
cloud undergoes a phase transition to the solid phase and forms a crystal with an inter-
particle spacing of about 20 um {2, 3].
A laser-cooled ion plasma in a Penning trap provides a clean, rigorous realization of
a one-component plasma (OCP). An OCP is a system of a single species of classical
point charges (ions) embedded in a uniform neutralizing background charge (4, 5, 6].
The thermodynamic state of an OCP is determined by the coupling parameter, I, which
is defined as
1 q° 1
Amey awskgT’ M
where € is the vacuum permittivity, ¢ is the ion charge, kg is Boltzmann’s constant,
T is the temperature, and awg is the Wigner-Seitz radius, given by the expression for
the plasma density no = 3/(4raj,). T is a dimensionless measure of the ratio of the
potential energy between nearest-neighbor ions to the ion thermal energy. Strongly
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coupled OCPs are believed to exist in dense astrophysical objects such as in the crust
of a neutron star, where iron nuclei are embedded in a degenerate electron gas. They
can also exist in less dense objects, however only if the temperature is correspondingly
low. Cold trapped ions form a convenient low-density and low-temperature strongly
coupled laboratory OCP. Indeed, it has been shown that ions trapped in a Penning trap
represent a rigorous reatization of an OCP where the uniform neutralizing background
charge is provided by the trapping potential {6, 7]. OCPs have been subject to extensive
theoretical and computational studies. For instance, the coupling parameter where the
plasma undergoes the liquid-solid phase transition has been determined to high accuracy.
In recent years, the calculations have converged to I' >~ 172 — 174 [5, 8]. There is no
corresponding experimental determination of this value. In fact, the actual liquid-solid
phase transition has never been directly observed in an OCP.

Due to the crossed electric and magnetic fields in a Penning trap, the trapped ion
plasma will undergo a rotation about the magnetic field axis. In thermal equilibrium,
this rotation is rigid [6]. At the low temperatures characterizing the present work, the
plasma density np is constant within the plasma boundary and can be expressed as
ng = 2€Mm kot — Wror) /qz, where m is the ion mass, Wy is the rotation frequency
about the magnetic field axis, and Q. is the cyclotron frequency. Accordingly, the
density is determined by the rotation frequency. At the plasma boundary, the density
decreases from this constant value to zero over a distance comparable to the Debye

length Ap = \/€oksT /nog? which for the present system is shorter than the interparticle
spacing. Due to the quadratic trapping potential, the plasma is shaped as a spheroid,
the aspect ratio of which is directly related to the rotation frequency axo. The stability
region of the trap, in terms of rotation frequency, is Wy, < Wor < Q¢ — Wy, Where Wy, is
the magnetron frequency.

Here, we present measurements of the temperature and heating rate of the trapped
ions, i.e., the rate at which the temperature of the ions increases when no laser-cooling
is applied. This work is motivated mainly by the prospects of creating many-particle
entangled states. Entanglement can lead to improved spectroscopic precision. For an
ensemble of non-entangled ions, the uncertainty on a given transition frequency scales
as 1/ /N, where N is the number of ions; whereas for entangled ions the scaling
can be as strong as 1/N {9, 10]. Hence, by entangling the ions the spectroscopic
precision can potentially be improved by orders of magnitude. Also, entanglement
is one of the key components to quantum information processing. The creation of
many-particle entangled states therefore has interesting implications for experiments
on quantum simulation or even quantum computation. The main technical difference
between the two is that quantum computation requires that the ions can be individually
addressed with a laser beam.

A necessary condition in the proposed schemes for creating entangled states is that
the ions are in the Lamb-Dicke limit while their internal and motional states are being
manipulated to create the entanglement [11, 12, 13]. The Lamb-Dicke limit is the limit
in which the amplitude of the ion motion in the propagation direction of the state-
manipulating radiation is much less than A /27, where A is the radiation wavelength.
This constraint is basically equivalent to imposing an upper limit to the ion temperature.
In addition, it is not possible to carry out the desired state manipulations while directly
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laser-cooling the ions. Therefore, entanglement can be obtained only if the system is cold
initially and has a heating rate low enough that the ions will remain in the Lamb-Dicke
limit throughout the process. Here we do not consider the option of sympathetically
cooling the ions [14].

The measurements of temperature and heating rate are not only necessary to investi-
gate the prospects of creating entangled states, but also present an opportunity to study
basic properties of OCPs, in particular the solid-liquid phase transition. It will be argued
that the dominant cause of heating (due to external heat sources) is collisions with the
residual gas. Since the kinetic energy of the room-temperature residual gas particles by
far exceeds the kinetic energy of the trapped ions, the collision energy is the same in the
solid and liquid phases. Furthermore, the collisions occur on a time scale much shorter
than any time scales associated with the motional modes of the ion plasma. As a result,
the energy input due to the collisions is independent of whether the plasma is in the
solid or liquid phase. Hence, the energy input due to residual gas collisions is constant.
Accordingly, a measurement of temperature as a function of time after turning off the
laser-cooling is equivalent to measuring temperature as a function of internal energy.
Because the latent heat must be supplied to melt the crystal, such a measurement may
show direct evidence of the solid-liquid phase transition, in the form of a short interval
where the temperature remains constant despite a continuous increase in internal energy.

EXPERIMENT

A cylindrical Penning trap is used to confine between 10% and 10° °Be™ ions at densities
on the order of 108 cm™2 [15, 16]. A schematic diagram of the setup is shown in Fig. 1.
All data presented here were recorded at a pressure of ~ 107 Pa. The magnetic field
of 4.5 tesla is provided by a superconducting solenoid. The cyclotron frequency is
Q. = 21 x 7.6 MHz, and with a typical trapping voltage Vir,p = 500 V, the axial and
magnetron frequencies are respectively @, = 27 x 565 kHz and w,, = 2m x 21 kHz.
Laser-cooling to T < 5 mK leads to a coupling parameter I" > 300, and the plasma is
therefore in the solid state. Cooling laser beams are sent through the center of the trap
both parallel with and perpendicular to the magnetic field axis. These two cooling beams
are derived from the same 313 nm beam which is produced by frequency-doubling a
626 nm beam from a dye laser. The paraliel cooling beam has a wide waist of a size
comparable to the diameter of the ion plasma, which is on the order of 1 mm. The waist
of the perpendicular cooling beam is significantly narrower, and this beam, if offset from
the center, can be used to apply a torque on the plasma and change its rotation frequency.
All the diagnostics are based on fluorescence from the cooling laser beams. Real-space
images of the plasma can be obtained both from the side, by use of a position-sensitive
photomultiplier tube, and from the top, by use of a CCD camera equipped with an image
intensifier. Phase-locked control of the rotation frequency is obtained by applying a
rotating wall potential to a segmented ring electrode around the center of the trap {17].
Control of the rotation frequency implies control of the plasma density and aspect ratio.

Doppler laser-cooling was carried out on the 281/2 (m= +%,m;z+%) — 2P3/2 (mi=

+%,m; = +%) transition (see Fig. 2). The parallel and perpendicular cooling beams

195



top-view
camera

perpendicular
cooling beam

BN

trap

side-view
camera

TH)
oo]

axial
cooling beam

FIGURE 1. Schematic diagram of setup. Figure is not to scale. The trap diameter is 4 cm. The electrodes
used to apply the rotating wall field are not shown. The vertical edges of the cloud visible in the side-view
image are due to the presence of non-fluorescing impurity ions heavier than Be. The direction of the side-
view light collection and the direction of the perpendicular cooling beam form a 60° angle in a plane
perpendicular to the magnetic field axis.

cool the motion paralle] and perpendicular, respectively, to the magnetic field axis. Due
to the Coulomb interaction between the ions, there will be some coupling, and hence
sympathetic cooling, between these two directions. The lowest achievable temperature
using Doppler laser cooling, i.e., the Doppler cooling limit, is T = hy/2kg, where ¥ is
the decay rate of the upper state. For the present transition y = 2 x 18 MHz, which
leads to a Doppler cooling limit of 0.43 mK. This limit is reached when the laser is
detuned below the resonance by the amount y/2. The data presented here were recorded
at a larger detuning, but the dependence of the cooling limit on the detuning is relatively

weak at detunings larger than /2, and the actual cooling limit should still be below
I mK.
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FIGURE 2. Energy-level diagram for °Be* in high magnetic field (not to scale) . The cooling and probe
transitions are indicated. The wavelength of both laser beams is 313 nm. All diagnostics are based on the
fluorescence from the cooling transition.

The temperature was probed by Doppler laser spectroscopy on the single-photon
transition 281/2 (m1=+%,m1=+%) — 2P3/2 (m1=+%,mj = —%) [18] (see Fig. 2).
The probe bearn was sent into the trap along the magnetic field axis, and consequently
the measurement provides a determination of the axial temperature. Since the probe
transition is 160 GHz below the cooling transition, a second frequency-doubled dye-
laser system produces the probe beam. The upper state 2P, /2 (mi=+ % Jmy=— %) decays
with probability 1/3 to the %Sy, (m =+%,m1=+%) state and with probability 2/3 to
the 281/2 (my= +%,m1 = ——%) state. Hence, the resonance can be observed as a decrease
in fluorescence from the cooling laser due to a depopulation of the cooling laser cycle.
The data-taking procedure is as follows. At¢ = 0, the cooling laser beams are turned off.
After a desired amount of time, Z4elay, the ions are exposed to a 10 ms probe laser pulse.
Immediately thereafter, the cooling lasers beams are turned back on. The count rate in
the side-view camera is measured before turning off (Ypefore) and after turning back on
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(Vafier) the cooling beams, and the measured signal is defined as Yafter/ Ybefore- After suc
a measurement, the ions will be exposed to the cooling beams for about 25 s in orde
to allow for the system to fully repump into the original state. The cooling beams wil
slowly move the population trapped in the 2S1/2 (my= +%,m; = ——%) state back to tht
cooling transition. This cycle is repeated for different probe frequencies until the line
profile has been recorded. Mechanical shutters are used for turning on and oft the lases
beams. ’

The resonance is described by a Voigt profile

V{(v)ec -/:odu [ e;ul )

2
Y=Y _ v ¥
Avp “] +3 [ZnAvD}

which is a convolution between a Lorentzian and a Gaussian. v is the laser frequency,
Vo is the center frequency of the probe transition, and Avp is the Gaussian width. The
Lorentzian contribution, the magnitude of which is known from theory [19], is due to
the natural linewidth of the transition, while the Gaussian contribution is due to Doppler
broadening. A Voigt profile with a fixed Lorentzian width, Av; = v/27 = 18 MHz, is
fitted to a measured line profile and the Gaussian width Avp is extracted from the fit.
The temperature is found from the equation

vo [2kgT
AVD = —0 —B—
C m

3

A correction is added to the fitting procedure to take into account saturation of the probe
transition. The saturation is caused by the fact that the population in a given state is
bound to be between O and 1. The depopulation rate of the monitored 23, /2 (my=

+%,m; = -}—%) state is proportional to the population in this state. Even at low probe
laser power, we can approach the limit where almost all population is removed and the
depopulation rate is significantly affected. This modifies the line profile. In the saturation
correction, it is assumed that all ions are subject to the same degree of saturation.
Because the waist of the probe beam is comparable to the size of the ion plasma, this
assumption only holds true if the ions mix within the plasma boundary and thereby
sample all possible probe laser powers. This is generally not the case, and certainly does
not apply to the solid phase. However, a set of line profiles for very different probe laser
powers were recorded and the Gaussian width extracted from the fits was independent
of probe laser power. We therefore conclude that the error in analysis caused by the
assumption of uniform saturation is negligible.

RESULTS AND DISCUSSION

Fig. 3 shows two examples of measured line profiles and corresponding Voigt profile
fits. The profile recorded at t4e14y = 0 is, ignoring the 10 ms duration of the probe pulse,
a measure of the temperature when laser-cooling the ions, From the fit we determined
a temperature of T = 1.6+ 0.6 mK which is close to the Doppler-cooling limit. The
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FIGURE 3. Line profiles recorded for a spherical plasma of 440,000 jons at (@) f gelay = 0 ms and (b)
{delay = 1000 ms. The dashed and solid lines are Voigt profile fits respectively with and without saturation
correction. The Doppler widths and corresponding temperatures extracted from the fits with saturation
correction are shown for comparison. For technical reasons, the frequency scales of figures (a) and (b) are
shifted relative to each other. This shift is not due to an actual shift of the line center.

accuracy of this temperature measurement is limited by the fact that at the lowest
temperatures the natural linewidth of the transition is significantly larger than Doppler
width. At higher temperatures the Doppler width dominates (see Fig. 3(b)), resulting in
much smaller relative uncertainties on the extracted temperatures.

Heating rate curves were obtained by measuring the temperature as a function of
delay time f4elay after shutting the cooling laser. Fig. 4(a) shows a heating-rate curve
for a plasma of 440,000 ions. Initially, the heating rate is slow. A close-up on the first
80 ms shows that the short-time heating rate is 60 &40 mK/s, which is consistent with
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FIGURE 4. (a) Heating-rate curve (temperature as a function of ¢ gelay) for a 440,000 ion cloud. A close-
up of the short-time data is shown in the insert. A straight-line fit to the short-time data gives a short-time
heating rate of 60 £ 40 mK/s. In the fit, we assumed equal weighting of all data points. (b) Same data set

as in (a), but here plotted in terms of the coupling parameter, I', as a function of ¢ delay- According to theory,
~ the solid-liquid phase transition occurs at I' =~ 170.
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the expected heating rate due to collisions with the room-temperature residual gas. This
heating rate is comparable to those observed in miniature radio-frequency traps typically
used for pursuing ion-entanglement experiments, although here the source of heating
is different [20]. Up to four ions have been entangled in a miniature radio-frequency
trap. Here, we have the possibility of entangling many more ions. Preliminary estimates
indicate that it may be possible to entangle as many as 1000 ions in the present Penning
trap.

At ge1ay ~ 100 ms, the temperature increases to T ~ 2 K within about 100 ms. The
onset of this rapid heating coincides with when the coupling parameter I" decreases to
below 170 (see Fig. 4(b)), i.e., when the plasma reaches the solid-liquid phase transition.
We therefore believe that the rapid heating is a signature of this transition. It is, however,
not the signature expected from the latent heat. At present, we do not understand the
rapid heating at the solid-liquid phase transition. We are investigating a number of ideas,
with the goal of understanding the exact cause of this behavior.
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